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Abstract
This paper presents the development of a micro-machined high-frequency linear array using PZT
piezoelectric thick films. The linear array has 32 elements with an element width of 24 μm and an
element length of 4 mm. Array elements were fabricated by deep reactive ion etching of PZT thick
films, which were prepared from spin-coating of PZT solgel composite. Detailed fabrication
processes, especially PZT thick film etching conditions and a novel transferring-and-etching method,
are presented and discussed. Array designs were evaluated by simulation. Experimental
measurements show that the array had a center frequency of 80 MHz and a fractional bandwidth (−6
dB) of 60%. An insertion loss of −41 dB and adjacent element crosstalk of −21 dB were found at the
center frequency.
I. Introduction
Fabrication of high-frequency (≥30 MHz) ultrasonic linear arrays has remained a challenge
following more than a decade of study. The task is even more difficult to build arrays at a
frequency greater than 80 MHz; these arrays have the potential to provide a more detailed
delineation of skin anatomy for early diagnosis of cancers such as melanoma or to image small
structures in other parts of the body. Recent research results have shown that micro-machining
technology is a possible solution for high-frequency fabrication even though much
improvement remains to be made [1]–[4]. Recently, piezoelectric films have already been
widely used to fabricate micro-scale devices [5]–[8]. Among all piezoelectric films, PZT thick
films have been shown to exhibit good dielectric and piezoelectric properties, making them
possible ultrasonic transducer material candidates for high-frequency applications via micro-
machined technology [9], [10]. Moreover, the use of PZT ceramic, PZT composite, and PZT
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film for fabricating high-frequency kerfless linear arrays has been reported [11]–[13]. Although
the kerfless approach is a simpler solution to fabricate linear arrays in which only the electrodes
of the array elements need to be patterned onto the surface of the piezoelectric substrates
[14], [15], the increased crosstalk between adjacent elements is always an issue in kerfless
array. To reduce the crosstalk, mechanical isolation between elements is necessary. Ritter et
al. reported a 30-MHz kerfed linear array by a dice-and-fill approach, where a piezoelectric
plate is separated by mechanical dicing and a polymer is infiltrated and cured within the kerfs
[16]. Liu et al. used a novel interdigital pair bonding technique to build 20- to 50-MHz linear
arrays [17]. However, it is difficult to fabricate linear arrays at frequencies higher than 50 MHz
with those methods because the pitch is very small.
Recently, laser machining has shown promise in applications for such high-frequency
ultrasonic arrays [18], [19]. Both mechanical dicing and laser machining share the same
drawback: they can only produce the isolation kerfs one by one. It is time-consuming to
fabricate multi-element arrays with those methods. Microelectromechanical systems (MEMS)
etching technology, however, is capable of bulk production of miniature devices. Among a
wide variety of etching methods, deep reactive ion etching (DRIE) has been widely used in
etching PZT thin films for ferroelectric memory applications [20]. Recently, new advances in
PZT dry etching have been reported [21]–[23]. Pure sulfur hexafluoride (SF6) or a mixture of
SF6 and Ar were used as etching gases in plasma etching of PZT. The advantages of fluorine
chemistry are its good selectivity to mask materials and its relatively high etching rate, which
can reach values as high as 0.25 μm/min. However, because the components produced by PZT
etching have significantly higher boiling temperatures, their removal is inefficient; in closely
spaced structures, this would result in sidewall angles less than 80°, which is unacceptable for
fabricating high-frequency arrays. On the other hand, Marks et al. [24] reported that the use
of chlorine-based etching gases with an elevated wafer temperature yielded better vertical etch
profiles and a higher etch rate. Moreover, the dry etching mechanism of PZT in chlorinated
gas plasmas has been investigated in detail [25], [26], and several measures have been proposed
to minimize etching damage to the PZT material during the dry etch process [27]. In this work,
process parameters for the chlorinated gas plasma have been optimized and applied to PZT
film etching for high-frequency array fabrication.
II. Experimental Procedure
A. PZT Film Preparation
The use of PZT films in high-frequency ultrasonic transducer applications requires thick, dense,
and crack-free films with acceptable piezoelectric and dielectric properties. Spin-coating of
solgel composite solution with PZT powder was used here to produce the PZT thick films (see
Fig. 1). High quality PZT films cannot be deposited directly on silicon by the solgel process
because of a thermal stress effect. Buffer layers are needed to prevent interfusion and oxidation
reactions of the PZT film with silicon. PZT/Pt/Ti/SiO2/Si is the most widely applied sequence.
Ti is an adhesion layer. Platinum (Pt) does not inhibit the diffusion of Ti to PZT side, where
it reacts with oxygen and servers as nucleation centers for PZT. Because the lattice constant
of the Pt is rather close to that of PZT, the PZT tends to grow in the (111) direction on Pt.
Platinum-coated silicon wafers purchased from Nova Electronic Materials, Ltd. (Flower
Mound, TX) were used as the substrate. The prepared composite solutions were spin-coated
onto the substrates, followed by a two-step pyrolysis and a rapid thermal process (RTP). This
process was repeated multiple times until the desired thickness was achieved. The optimized
film fabrication procedures were described in [28] and [29]. The prepared films were found to
have a thickness of ~20 μm, dielectric constant of 1250 (at 1 kHz), thickness mode
electromechanical coupling coefficient kt of 0.34 and dielectric loss of around 0.03 [13]. The
density of the film was calculated to be 6300 kg/m3, which was about 85% of bulk PZT-5H
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material (7500 kg/m3). The properties of PZT films and important piezoelectric materials are
gived in Table I and compared with the conventional piezoelectric materials. Among them,
PVDF has the lowest dielectric constant, coupling coefficient, and acoustic impedance.
Therefore, it has been used to fabricate high–frequency broadband single-elements transducers,
but it is not suitable for miniature devices, such as array elements, because its dielectric constant
is extremely low. Both PZT5H and PMN-PT have a high coupling coefficient and high
dielectric constants. They are still important materials for medical transducers, even though
their acoustic impedances are high. Fine-grain PZT and PMN-PT single crystal can be
fabricated into high-frequency transducers as long as they don’t crack during the mechanical
lapping process. PMN-PT composite is a promising piezoelectric material. It exhibits excellent
properties in medical transducer applications. However, fabrication cost is a big concern, and
there is still not a practical solution for very-high-frequency (>50 MHz) PMN-PT composite
transducers. PZT thick film, which is the subject of the research, shows medium-range values
among the piezoelectric materials and still appears to be the most promising approach for very-
high-frequency transducers up to 500 MHz.
B. Hard Mask Deposition
The mask used to pattern the kerfed arrays is the same as the one used for the linear kerfless
array [13]. The test array has 32 elements with a kerf width of 12 μm, an element width of 24
μm, and an element length of 4 mm. A photolithography-based method was applied to transfer
design patterns onto the film surface. A layer of Cr/Au (500 Å/1000 Å) was first patterned onto
the film surface as the seed layer, then a thick positive photoresist layer was spin-coated on
top of the seed layer. After baking on a hot plate, the photoresist was exposed directly by a
laser writer. The wafer was dipped in photoresist developer for developing. The patterned
photoresist structures were then formed. Next, the Ni electroplating process was run to form a
4-μm-thick Ni hard mask through the openings of the photoresist pattern. To move the dense
Ni layer into the small open areas, a pulse power supply (Dynatronix, Amery, WI) was used
to provide pulses with 0.1 ms on and 0.9 ms off, and with an average current of 20 mA/cm2.
After electroplating, the photoresist was stripped off using acetone.
C. Etching and Filling
The inductively coupled plasma (ICP)-reactive ion etching (RIE) dry etching technique was
used to etch the film. The area underneath the nickel hard mask was protected; the rest of the
area was etched off by chlorine gas plasma. The etching rate, selectivity ratio, and profile angle
were the most important parameters in dry etching of PZT film for the construction of high-
frequency ultrasound transducer arrays. By optimizing the ICP power, substrate power
(controlling substrate DC bias voltage), and flow rates and ratios of etching gases, it was found
that a median etching rate of 8 μm/hr was a suitable value for the process. It would take too
much time to achieve the final thickness at lower etch rates, whereas higher etch rates lead to
deterioration of the profile angle. Finally, we used an ICP reactive ion etching system
(Plasmatherm SLR770 ICP system, Unaxis Inc., Irvine, CA), which employed Cl2/Ar based
chemistry, for the etching process. At 600 W of ICP power, a DC bias voltage of 200 V, 20
sccm of Ar, and 60 sccm Cl2, the etching rate of PZT film was 8 μm/hr. Fig. 2 shows SEM
micrographs of the etched PZT film. Results show that the thickness of the elements was ~18
μm, the sidewall angle of the elements > 85°. The kerfs were infiltrated with Epo-Tek 301–2
epoxy (Epoxy Technology, Billerica, MA). Before filling, plasma cleaning was conducted to
make the array surface hydrophilic, so that the epoxy penetrated more easily into the micro-
scale kerfs. The degassing process was performed right after filling. The epoxy was cured at
room temperature overnight followed by two hours curing at an elevated temperature of 60°
C. After curing, the extra epoxy and residual nickel were carefully lapped away with fine
sandpapers followed by 3-μm Al2O3 powder.
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A layer of Si3N4 (1000 Å) was deposited as the insulating material covering the electrode area
of the array before a layer of Cr/Au (500 Å/1500 Å) electrode was patterned. Figs. 3(a) and
(b) shows a PZT film kerfed linear array before and after epoxy filling, respectively. The dark
area in Fig. 3(b) is the region where the Si3N4 was deposited. The backside silicon under the
working area was etched with a XeF2 etching system and the SiO2 was removed by buffered
oxide etch (BOE). Subsequently, conductive epoxy (E-solder 3022, Von Roll, Wädenswil,
Switzerland) was filled, providing the electric connection for the backside electrode, and at the
same time acting as a backing material. The 26-AWG 50-Omega; minature coaxial cables
(Cooner Wire Inc., Chatsworth, CA) were connected by conductive silver epoxy with the
electrode of each element. The prototype array was housed in a copper tube. The poling process
was carried out after patterning the electrodes and before gluing on wires.
III. Results and Discussions
A. Experimental Measurements
The measurement set-ups were the same as those used for the kerfless arrays, which were
described previously [13]. A measured pulse-echo result was shown in Fig. 4 shows that after
depositing a layer of parylene as a matching layer, the array had a center frequency of 80 MHz
and −6-dB bandwidth of 60%. The result shows that this array of PZT films exhibited
acceptable bandwidth with one matching layer.
Fig. 5 shows the uniformity of the array element performance in terms of capacitance and
dielectric loss. As shown in Fig. 5, the capacitance was approximately 30 pF and the dielectric
loss 0.04 except for several elements with variation from 30 to 50 pF caused by connection
problems between two elements. Most importantly, there were no broken elements observed.
This is a significant advantage of the micro-machined approach over the conventional dice-
and-fill technology [12], [16]. Particularly, it is not possible to dice such a small kerf using our
current dice saw (larger than 12 μm). Fig. 6 shows the measured insertion loss of the array
element. After compensation for the attenuation caused by the water and reflection from the
quartz target, an insertion loss of −41 dB was obtained at the frequency of 90 MHz. The
relatively high insertion loss was mainly due to the smaller coupling coefficient of the PZT
films than a bulk ceramic. The results of combined acoustic/electrical crosstalk measurements
are presented in Fig. 7. A set of results for nearest neighbor were measured. A crosstalk of
around −21 dB was observed between 50 MHz and 90 MHz, which was approximately 5 dB
lower than the PZT film kerfless array [13] because of the kerf created between two elements.
B. Modeling Results
Because a high-frequency array imaging system (over 50 MHz) is not yet available at our lab,
both PZFLEX (Weidlinger Associates Inc., New York, NY) and Field II modeling were carried
out to illustrate the beamforming capability of such an array. In the simulation, eight elements
were used as the active aperture. The location of the focal point was determined by the time
delays and the width of the active aperture. By varying the time delays, both the transmitting
and receiving beams can be focused to different points along the depth of the image. This
process of dynamic focusing can dramatically improve the quality of the ultrasonic images
over a fixed-focusing system. The PZFLEX program was used to predict the azimuthal beam
profile. The result in Fig. 8(a) demonstrates that, with dynamic focusing delays, the array could
be well focused at 1 to 1.5 mm, and a transmitting grating lobe appears at approximately 40°.
The imaging capability with the array was simulated using a Field II program with the same
active aperture and time delay data. Fig. 8(b) shows the simulated image of a point scatter
phantom. As shown, a better image spatial resolution was obtained at the focal zone (1 to 1.5
mm).
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Although a kerfed PZT thick-film array was successfully fabricated with the described
procedures, there were still several problems with the fabrication procedures that needed to be
addressed. First, the array was likely to crack when the silicon substrate was removed and E-
solder was filled. Second, with the method reported here, the area underneath the electrodes
had to be covered with an insulating material. Therefore, a major portion of the film was wasted.
Finally, it was impossible to press focus the array because of the hard silicon substrate
underneath the film. Hence a modified fabrication method, as shown in Fig. 9, was introduced.
In the new process, E-solder 3022 was first cast onto the front surface of the PZT thick film
and centrifuged for 5 min at 3000 rpm. After curing the E-solder overnight, the PZT film was
cut into 4 × 2 mm pieces by a dicing saw. Then, the pieces were immersed in a KOH 20%
solution at a temperature of 80°C. This resulted in the PZT film peeling off from the silicon
substrates while still firmly bonded to the E-solder. Moreover, there was no obvious damage
to the film when it was removed from the silicon substrate [29]. A plastic tube was placed
concentrically around the sample. The tube was filled with Epotek-301–2 non-conductive
epoxy (Epoxy Technology, Inc., Billerica, MA) and the epoxy was degassed to remove air
bubbles. The film surface was sealed by Kapton tape, avoiding touching the epoxy. After
curing, the extra epoxy was lapped away. After removing the silicon substrate, the flexibility
of the array materials allowed the array elements to be curved in the elevational direction by
press-focusing. PZFLEX simulations were used to predict the effects of the elevation focusing.
In the simulation, the elevation aperture was 4 mm, and the focusing point was 4 mm as well,
providing an elevation f-number of 1. Fig. 10 shows the predicted pressure field in water of
the flat array and the press-focused array. The focused array produced a much narrower and
more uniform beam than the non-focused one, yielding a thinner slice thickness at the focal
point. The crosstalk value (−21 dB) of the kerfed array is still high. The use of Epotek 301–2
as the kerf filler results in significant mechanical coupling between the elements. Better
isolation could be achieved by the use of a softer and higher loss material in future work. In
addition, improving piezoelectric properties of PZT films is very important to increase the
sensitivity of array. With the current design, the linear array only could provide a very limited
view of imaging because it had a total of 32 elements and 8 elements were used as the active
aperture. This problem can be resolved by increasing the array elements (>256) and its active
aperture (>32 elements). Meanwhile, a more compact layout of connection pads can be
obtained by using ultrasonic wire bonding instead of the wire gluing approach. In addition, the
piezoelectric properties of PZT films needs to be improved to further increase the sensitivity
of the array.
IV. Conclusions
High-frequency (>80 MHz) kerfed ultrasonic linear arrays prepared from 20-μm-thick PZT
thick films were successfully fabricated using MEMS technology. Experimental results show
that the array had a center frequency of 80 MHz and one element had a fractional bandwidth
at −6 dB of 60%. The insertion loss and crosstalk of the thick films array were −41 dB and −21
dB, respectively. A new fabrication process for producing focused linear arrays with more
elements is on-going. The experimental results suggest that PZT thick film linear arrays may
be a viable option in the development of high-frequency biomedical imaging transducer
technology.
Acknowledgments
The authors would like to thank Mr. J. Williams for his assistance in the transducer fabrication process.
This work was supported by NIH Grant #P41-EB2182 and NIH/NCI R44-CA110214.
Zhou et al. Page 5














1. Bernstein JJ, Finberg SL, Houston K, Niles LC, Chen HD, Cross LE, Li KK, Udayakumar K.
Micromachined high frequency ferroelectric sonar transducers. IEEE Trans Ultrason Ferroelectr Freq
Control 1997;44(5):960–969.
2. Mina IG, Kim H, Kim I, Park SK, Choi K, Jackson TN, Tutwiler RL, Trolier-McKinstry S. High
frequency piezoelectric MEMS ultrasound transducer. IEEE Trans Ultrason Ferroelectr Freq Control
2007;54(12):2422–2430. [PubMed: 18276533]
3. Pang G, Sayer M, Lockwood GR, Watt M. Fabrication of PZT sol gel composite ultrasonic transducers
using batch fabrication micromolding. IEEE Trans Ultrason Ferroelectr Freq Control 2006;53(9):
1679–1684. [PubMed: 16964918]
4. Dauchy F, Dorey RA. Thickness mode high frequency MEMS piezoelectric micro ultrasound
transducers. J Electroceram 2007;19(4):383–386.
5. Muralt P. Piezoelectric thin films for MEMS. Integr Ferroelectr 1997;17(1–4):297–307.
6. Martin PM, Good MS, Johonston JW, Posakony GJ, Bond LJ, Crawford SL. Piezoelectric films for
100-MHz ultrasonic transducers. Thin Solid Films 2000;379(1–2):253–258.
7. Setter N, Damjanovic D, Eng L, Fox G, Gevorgian S, Hong S, Kingon A, Kohlstedt H, Park NY,
Stephenson GB, Stolitchnov I, Taganstev AK, Taylor DV, Yamada T, Streiffer S. Ferroelectric thin
films: Review of materials, properties, and applications. J Appl Phys 2006;100 art. no. 051606.
8. Muralt P. Ferroelectric thin films for micro-sensors and actuators: A review. J Micromech Microeng
2000;10(2):136–146.
9. Zhang QQ, Djuth FT, Zhou QF, Hu CH, Cha JH, Shung KK. High frequency broadband PZT thick
film ultrasonic transducers for medical imaging applications. Ultrasonics 2006;44(suppl 1):711–715.
10. Mina IG, Kim H, Kim I, Park SK, Choi K, Jackson TN, Tutwiler RL, Trolier-Mckinstry S. High
frequency piezoelectric MEMS ultrasound transducers. IEEE Trans Ultrason Ferroelectr Freq
Control 2007;54(12):2422–2430. [PubMed: 18276533]
11. Cannata JM, Williams JA, Shung KK. A kerfless 30 MHz linear ultrasonic array. IEEE Ultrasonics
Symp 2005:109–112.
12. Cannata JM, Williams JA, Zhou QF, Ritter TA, Shung KK. Development of a 35-MHz piezo-
composite ultrasonic arrays for medical imaging. IEEE Trans Ultrason Ferroelectr Freq Control
2006;53(1):224–236. [PubMed: 16471449]
13. Wu D, Zhou Q, Geng X, Liu C, Djuth F, Shung K. Very high frequency (beyond 100 MHz) PZT
kerfless linear arrays. IEEE Trans Ultrason Ferroelectr Freq Control 2009;56(10):2304–2310.
[PubMed: 19942516]
14. Morton CE, Lockwood GR. Evaluation of kerfless linear arrays. IEEE Ultrasonics Symp 2002:1257–
1260.
15. Demore CE, Brown JA, Lockwood GR. Investigation of cross talk in kerfless annular arrays for high-
frequency imaging. IEEE Trans Ultrason Ferroelectr Freq Control 2006;53(5):1046–1056. [PubMed:
16764458]
16. Ritter TA, Shrout TR, Tutwiler R, Shung KK. A 30-MHz piezo-composite ultrasound array for
medical imaging applications. IEEE Trans Ultrason Ferroelectr Freq Control 2002;49(2):217–230.
[PubMed: 11885679]
17. Liu R, Harasiewicz KA, Foster FS. Interdigital pair bonding for high frequency (20–50 MHz)
ultrasonic composite transducers. IEEE Trans Ultrason Ferroelectr Freq Control 2001;48(1):299–
306. [PubMed: 11367799]
18. Lukacs M, Sayer M, Lockwood G, Foster S. Laser micromachined high frequency ultrasonic arrays.
Proc IEEE Ultrasonics Symp 1999:1209–1212.
19. Snook KA, Hu CH, Shrout TR, Shung KK. High-frequency ultrasound annular array imaging, Part
I: Array design and fabrication. IEEE Trans Ultrason Ferroelectr Freq Control 2006;53(2):300–308.
[PubMed: 16529104]
20. Kokaze Y, Kimura I, Endo M, Ueda M, Kikuchi S, Nishioka Y, Suu K. Dry etching process for Pb
(Zr, Ti)O3 thin-film actuators. Jpn J Appl Phys 2007;46(1):280–282.
21. Bale M, Palmer R. Deep plasma etching of piezoelectric PZT with SF6. J Vac Sci Technol B 2001;19
(6):2020–2025.
Zhou et al. Page 6













22. Wang S, Li X, Wakabayashi K, Esashi M. Deep reactive ion etching of lead zirconate titanate using
sulfur hexafluoride gas. J Am Ceram Soc 1999;82(5):1339–1341.
23. Subasinghe S, Goyal A, Tadigadapa S. High aspect ratio plasma etching of bulk lead zirconate titanate.
Proc SPIE 2006;6109 art. no. 61090D.
24. Marks S, Almerico JP, Gay MK, Celii FG. The profile and device characterization of high wafer
temperature etched Ir/PZT/Ir stacks. Integr Ferroelectr 2003;59(1):333–340.
25. Jung J, Lee W. Dry etching characteristics of Pb(Zr, Ti)O3 films in CF4 and Cl2/CF4 inductively
coupled plasmas. Jpn J Appl Phys 2001;40(3A):1408–1419.
26. Efremov A, Kim DP, Kim KT, Kim CI. Etching mechanism of Pb(Zr, Ti)O3 thin films in Cl2/Ar
plasma. Plasma Chem Plasma Process 2004;24(1):13–28.
27. Kang MG, Kim KT, Kim DP, Kim C. Reduction of dry etching damage to PZT films etched with a
Cl-based plasma and the recovery behavior. J Korean Phys Soc 2002;41(4):445–450.
28. Zhou QF, Shung KK, Zhang Q, Djuth FT. High frequency piezoelectric micromachined ultrasonic
transducers for imaging applications. Proc SPIE 2006;6223 art. no. 62230H.
29. Wu DW, Zhou QF, Shung KK, Bharadwaja SSN, Zhang DS, Zheng H. Dielectric and piezoelectric
properties of PZT composite thick films with variable solution to powder ratios. J Am Ceram Soc
2009;92(6):1276–1279. [PubMed: 20376196]
Biographies
Qifa Zhou received his Ph. D degree from the Department of Electronic Materials and
Engineering at Xi’an Jiaotong University, China in 1993. He is currently a Research Associate
Professor at the NIH Resource on Medical Ultrasonic Transducer Technology and the
Department of Biomedical Engineering at University of Southern California, Los Angeles,
CA. Before joining USC in 2002, he worked in the Department of Physics at Zhongshan
University of China, the Department of Applied Physics at Hong Kong Polytechnic University,
and the Materials Research Laboratory at The Pennsylvania State University. His current
research interests include the development of ferroelectric thin films, MEMS technology, nano-
composites, modeling and fabrication of high-frequency ultrasound transducers/arrays, and
photo-acoustics/OCT for medical imaging applications. He has published more than 90 papers
in this area. He is an Associate Editor and committee member of the IEEE UFFC Society.
Da-Wei Wu is a research scientist at Industrial Research Limited in New Zealand. He received
his B.S. degree from Shanghai Jiao Tong University, China, in 1999; his M.S degree from the
University of Miami, Coral Gables, FL, in 2004; and his Ph.D. degree from the University of
Zhou et al. Page 7













Southern California, Los Angeles, CA, in 2009; all in biomedical engineering. His research
interests include piezoelectric films, MEMS technologies, and high-frequency ultrasonic
transducers and imaging.
Changgeng Liu received a B.S. degree in aircraft design and an M.S. degree in mechanics
from Nanjing University of Aeronautics and Astronautics, Nanjing, China, in 1993 and 1996,
and a doctorate in precision instruments from Tsinghua University in 2001. He did postdoctoral
research at CAMD of Louisiana State University before he joined Geospace Research, Inc. as
a senior scientist in 2006.
He has been involved with microelectromechanical systems (MEMS) since 1998, and he has
performed research in diverse areas within this specialty, including microfluidics,
piezoelectrical microjets for drug delivery, biosensors, and micromachined high-frequency
ultrasonic array transducers. His current projects include fabrication of functional piezoelectric
material composite, development of high-frequency ultrasonic array transducers for medical
imaging, and cell/particle manipulation in bioengineering.
Zhou et al. Page 8













Benpeng Zhu was the joint Ph.D. student of the Department of Biomedical Engineering at
University of Southern California, Los Angeles, CA, and School of Physics and Technology
at Wuhan University, China, and received his Ph.D. degree in 2009. He is currently an
Associate Professor at the Department of Electronic Science and Technology in Huazhong
University of Science and Technology, Wuhan, China. His current research interests include
the development of ferroelectric thin/thick films, and fabrication of high-frequency ultrasound
transducers/arrays for medical imaging applications.
Frank T. Djuth is the president of Geospace Research, Inc., El Segundo, CA. He received his
B.S. in physics from the University of Pittsburgh, Pittsburgh, PA in 1973, and his M.S. and
Ph.D. in physics from Rice University, Houston, TX, in 1976 and 1978, respectively. Prior to
joining Geo-space Research, Inc., in 1991, Dr. Djuth held a position as a research scientist at
The Aerospace Corporation, El Segundo, CA. Dr. Djuth is the author of more than 125 refereed
journal papers in the areas of ultrasound, MEMS, materials science, medicine, atmospheric
science, and radio science.
Zhou et al. Page 9













K. Kirk Shung obtained a B.S. in electrical engineering from Cheng-Kung University in
Taiwan in 1968, a M.S. in electrical engineering from University of Missouri, Columbia, MO
in 1970 and a Ph.D. in electrical engineering from University of Washington, Seattle, WA, in
1975. He did postdoctoral research at Providence Medical Center in Seattle, WA, for one year
before being appointed a research bioengineer holding a joint appointment at the Institute of
Applied Physiology and medicine. He became an assistant professor at the Bioengineering
Program, The Pennsylvania State University, University Park, PA, in 1979 was promoted to
professor in 1989. He was a Distinguished Professor of Bioengineering at Penn State until
September 1, 2002 when he joined the Department of Biomedical Engineering, University of
Southern California, Los Angeles, CA, as a professor. He has been the director of NIH Resource
on Medical Ultrasonic Transducer Technology since 1997.
Shung is a fellow of the IEEE, the Acoustical Society of America, and the American Institute
of Ultrasound in Medicine. He is a founding fellow of the American Institute of Medical and
Biological Engineering. He has served for two terms as a member of the NIH Diagnostic
Radiology Study Section. He received the IEEE Engineering in Medicine and Biology Society
early career award in 1985 and coauthored a best paper published in the IEEE Transactions
on Ultrasonics, Ferroelectrics, and Frequency Control in 2000. He was the distinguished
lecturer for the IEEE UFFC society for 2002–2003. He was elected an outstanding alumnus of
Cheng-Kung University in 2001.
Dr. Shung has published more than 160 papers and book chapters. He is the author of a textbook,
Principles of Medical Imaging, published by Academic Press in 1992. He co-edited a book,
Ultrasonic Scattering by Biological Tissues, published by CRC Press in 1993. Dr. Shung’s
research interest is in ultrasonic transducers, high-frequency ultrasonic imaging, and ultrasonic
scattering in tissues.
Zhou et al. Page 10














The PZT thick film fabrication procedure.
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Picture of a linear array dry-etched from a PZT thick film.
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Photographs of the array before and after epoxy filling.
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Measured pulse-echo and spectrum of the kerfed array.
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Measured element uniformity of the kerfed array.
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Measured insertion loss of a typical kerfed array element.
Zhou et al. Page 16














Measured crosstalk between adjacent kerfed array elements.
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PZFLEX (a) and Field II (b) simulation of electrical beam focusing of the array.
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Modified fabrication flowchart of the PZT thick film linear array.
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PZFLEX simulation of pressure field in water of flat (a) and focused (b) arrays.
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